The exposure of two Iranian victims of the iran-lraq conflict (1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988) to sulfur mustard was established by immunochemical and mass spectrometric analysis of blood samples taken 22 and 26 days after the alleged exposure. One victim suffered from skin injuries compatible with sulfur mustard intoxication but did not have lung injuries; the symptoms of the other victim were only vaguely compatible with sulfur mustard intoxication. Both patients recovered. Immunochemical analysis was based on detection of the N7-guanine adduct of the agent in DNA from lymphocytes and granulocytes, whereas the N-terminal valine adduct in globin was determined by gas chromatography-mass spectrometry after a modified Edman degradation. The valine adduct levels correspond with those found in human blood after in vitro treatment with 0.gpM sulfur mustard.
Introduction
The use of chemical warfare agents in the Iran-Iraq conflict (1) , the threat of chemical warfare in the Gulf War, and the recent use of sarin in a terrorist attack (2) stress the need for reliable methods to verify exposure of casualties to chemical warfare agents. Recently, the need for retrospective detection of exposure has been vividly illustrated in the attempts to clarify the causes of the so-called "Persian Gulf War Syndrome" (3) . Furthermore, these methods will be useful for the verification of alleged nonadherence after entry into force of the treaty Patient to ban chemical weapons (4) .
Essentially, exposure to a chemical warfare 1 agent is established by analysis of biological 2" samples from the victim. Because we learned from chemical warfare in the past that biological samples of alleged victims often become available only days or weeks after exposure, verification methods should be " Author to whom correspondence should be addressed.
related to long-lasting, agent-specific effects. In this context, we have explored the feasibility of detection methods for adducts of biomolecules with the well-known chemical warfare agent sulfur mustard (bis [2-chloroethyl] sulfide). Two independent methods, immunochemical detection of DNA adducts and mass spectrometric detection of hemoglobin adducts, were developed in order to achieve unequivocal results from mutual validation.
In the irnmunochemical method, monoclonal antibodies that were raised against N7-(2-hydroxyethylthioethyl)-guanosine-5'-phosphate coupled to keyhole limpet hemocyanin were used (5). These antibodies specifically recognize N7-(2-hydroxyethylthioethyi)-2'-deoxyguanosine, which is the major adduct formed in DNA after exposure to sulfur mustard (6) . The mass spectrometric method is based on a procedure developed by T6rnqvist et al. (7) for selective cleavage of the alkylated N-terminal valine in hemoglobin by using the modified Edman reagent pentafluorophenyl isothiocyanate (PFPITC). The procedure is applicable to the analysis of the corresponding sulfur mustard adduct by gas chromatography-mass spectrometry (GC-MS) operating in negative chemical ionization (NCI) mode after esterification of the adduct-derived pentafluorophenyl thiohydantoin (PFPTH) with heptafluorobutyric anhydride (8) .
This report describes analyses of blood cell samples taken in Table I March 1988 from two Iranian victims of the Iran-Iraq conflict; the two methods are used to verify alleged exposure to sulfur mustard.
Experimental Materials
Monoclonal antibodies directed against N7-(2-hydroxyethylthioethyl)-2'-deoxyguanosine were obtained previously (5) . Rabbit-anti-mouse-Ig-horseradish peroxidase was purchased from Dakopatts (Glostrup, Denmark).
Technical-grade sulfur mustard was distilled before use to a gas chromatographic purity exceeding 99.5%. [U-XH]Bis (2-chloroethyl) sulfide (sulfur mustard-ds) was synthesized in our laboratory as described previously (8) . All other chemicals were commercial products of an analytical grade.
Immunoslotblot assay
DNA (50 lag/mL 10mM Tris buffer, pH 7.4, containing 4% formamide, 0.1% formaldehyde, and lmM EDTA) isolated from the cells according to standard techniques (5) was made single stranded by heating for 15 rain at 52~ Under these conditions, both release of alkylated guanine from DNA and ring-opening of the N7-adduct of 2'-deoxyguanosine were prevented. Singlestranded DNA samples (0.5 lag) were slotblotted onto nitrocellulose filters (0.1-lain pore size, Schleicher and Schuell, Dassel, Germany) that were soaked in PBS (0.14M NaCI, 2.6raM KC1, 8.1mM Na2HPO4, and 15mM KH2PO4, pH 7.4) before use. After washing with PBS, the filters were placed between filter papers for 5 rain at room temperature and for 15 rain at 37~ Next, the filters were incubated with 5% skimmed milk powder (< 1% fat) in PBS containing 0.1% Tween 20 in plastic bags for 30 min at room temperature. The filters were washed three times with PBS containing 0.1% Tween 20 and incubated with the monoclonal antibodies directed against the N7-adduct of 2'-deoxyguanosine, 2F8 (1:500 diluted in PBS containing 0.1% Tween 20 and 0.5% milk powder), overnight at 4~ After washing four times with PBS containing 0.1% Tween 20, the filters were incubated with a conjugated second antibody (rabbitanti-mouse-Ig-horse radish peroxidase, 1:1000 diluted in PBS containing 0.1% Tween 20 and 0.5% milk powder) for 2 h at room temperature. After a final wash (1 x 2 min, 3 x 15 min), peroxidase activity was revealed with a Boehringer (Mannheim, Germany) luminescence blotting detection system (two solutions, supplied by the manufacturer, added in a mixture of 100:1). The filters were blotted dry after 1 min and transferred to cassettes containing a photographic film (Hyperfilm EeL, Amersham, Buckinghamshire, U.K.). The films were exposed to the filters for 10-300 s. The signals were quantitated by scanning the developed film with a densitometer (Ultrascan XL, Pharmacia, Uppsala, Sweden).
Modified Edman assay
In the modified Edman procedure, globin (20 mg) isolated from the blood sample (9) and globin (350 pg) isolated from human blood treated with sulfur mustard-d8 (1raM) serving as an internal standard were treated with PFPITC (6 laL formamide (2 mL) containing pyridine (6 laL), worked up and subsequently treated with heptafluorobutyric anhydride (10 ]~L) according to T6rnqvist et al. (7) and Fidder et al. (8) . GC-MS analyses were performed with a VG 70-250S MS operated in the NCI mode (methane) with an ion source temperature of 200~ and an ionization energy of 70 eV. The ion source pressure was 0.2 mPa. The oven of the Hewlett-Packard (Palo Alto, CA) GC 5890A equipped with an on-column injector and a CP-SIL 5 CB fused-silica capillary column (50 m x 0.32-mm i.d., 0.25-1~m film thickness) was kept at 120~ for 5 rain; the temperature was then programmed to 275~ at 15~
and subsequently kept at this temperature for 10 min. Ion chromatograms were recorded after monitoring for m/z 564 (M-'-3 HF, analyte) and 572 (M-'-3 HF, internal standard).
Results and Discussion
The developed immunochemical assay and mass spectrometric assay were applied to blood samples taken in 1988 from two Iranian victims of the Iran-Iraq conflict. These casualties were presumably exposed to sulfur mustard 22 and 26 days earlier and transported to an European hospital for treatment. One patient (#1) suffered from skin injuries compatible with sulfur mustard intoxication but did not have lung injuries. The symptoms of the other patient (#2) were only vaguely compatible with sulfur mustard intoxication. Both patients recovered. Blood samples were separated into plasma and erythrocytes which were stored at -20~ together with plasma and erythrocyte samples froma volunteer that served as a blank.
Exposure of the victims to sulfur mustard has now been established from detection of the N7-adduct of 2'-deoxyguanosine in lymphocytes and granulocytes and of the N-terminal valine adduct in globin by immunochemical and MS analyses, respectively.
The adduct levels found (Table I) by GC-NCI-MS analysis after Edman degradation ( Figure 1 ) correspond with those found in human blood after in vitro treatment with 0.91~M sulfur mustard (8) . The adduct could not be detected in the blank (Figure 1 ). The results obtained by the immunochemical assay in the lymphocytes correspond to adduct levels induced by exposure to a lower sulfur mustard concentration (i.e., 0.21JM [#1] and 0.41~M [#2]). The apparent discrepancy can be attributed to DNA repair that proceeded in the victim during the time between exposure and sampling. The lower adduct level found in the granulocytes of patient #2 is presumably due to the short lifetime of these cells in human blood. The results suggest that repair in peripheral blood lymphocytes and granulocytes is not complete even after more than three weeks.
The adduct levels found were considerably higher than the detection limit for the modified Edman procedure, but just above the detection limit for the immunochemical assay; that is, in vitro exposure of human blood to 0.11~M sulfur mustard (8) and 0.071JM sulfur mustard (unpublished results), respectively.
Conclusion
The exposure of two Iranian victims of the Iran-Iraq confluct (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) to sulfur mustard was established by immunochemical and mass spectrometric analysis of blood samples taken 22 and 26 days after the alleged exposure. Because the investigated samples originated from only mildly intoxicated patients, the results showed that the modified Edman procedure is generally suitable for verification purposes, even several weeks after exposure. The immunochemical assay, although sufficiently sensitive for analysis of the present samples taken after 22-26 days, is applicable to analysis of samples taken in a more limited time period after exposure.
